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Nomenclature 
U  air density 
Dh hydraulic diameter 
h  convective heat transfer  
h duct height 
L duct length 
u+ adimensional velocity 
um mean flow velocity 
ǻP the pressure drop between the inlet and the outlet of the duct 
įt sublayer thickness  
Ȝ thermal air conductivity 
Ȟ fluid kinematic viscosity   
Ĳw wall shear stress  
 
conversion, utilization and recovery of energy, invariably involve a heat exchange process, which makes it 
imperative to improve the thermal performance of heat exchangers. Solar collectors, as particular type of heat 
exchangers, are the basic elements in all solar radiation conversion systems into heat at low temperatures. They are 
adapted to applications that need heat temperature between 30° and 70°C. They are used in many applications, such 
as local space heating, water heating and solar drying of agricultural produces.  
Solar air heaters (SAH) are used to convert solar radiation into heat using flowing air. They are composed of a 
glazing, an absorber, and an insulated box. SAH are generally classified into three types according to air passes:  
x type I with air flowing between the absorber plate and the cover glazing;  
x type II with air flowing between the absorber plate and the back panel;  
x and type III with two air channels above and below the absorber plate. 
However, SAH’s thermal efficiency is actually poor because of the bad heat transfer between the flowing air and 
the heated absorber [1]. This is due to the low thermophysical properties of the air in part, and to the viscous 
sublayer that appears in the vicinity of the absorber and which is resistant to the heat transfer in the other part. 
In order to make solar air heaters more efficient, their thermal efficiency needs to be improved. Many techniques 
based on both active and passive methods have been proposed to enhance heat transfer in these applications [2]. 
Among these methods one can find systems involving vortex generators such as ribs and baffles. Disturbance 
promoters increase fluid mixing and interrupt the development of thermal boundary layer, leading to enhancement 
of heat transfer. The heat transfer enhancement techniques are available to achieve this objective by: 
x Increasing the heat-transfer area with the use of extended surfaces, or corrugated ones. 
x Enhancing the convective heat transfer coefficient. This may be attained by broking the laminar sub-layer formed 
in the vicinity of the absorber plate, by introducing artificial roughness on that surface.. 
In the literature , one can find several studies on solar air heat enhancement techniques. Thus, Varun [3] gave an 
overview of the geometry of roughness used in heat exchangers and presented a selection of roughness that are 
adapted to case of solar air collectors . He studied the effect of a large number of parameters such as the shape and 
size of roughness on the air flow regime. Hans et al. [4] reviewed the roughness element geometries employed by 
various investigators to improve the thermal performance of solar air heaters. In view of finding optimal roughness 
pattern, 11 distinct roughness geometries have been compared on the basis of thermohydraulic performance. 
Recently, Bhushan [5] presented an attempt to classify and examine the geometry of artificial roughness used in duct 
of solar air collectors . Correlations giving the heat transfer coefficient and the friction coefficient developed by 
various researchers for solar air heaters provided with artificial roughness were also presented in the paper. 
Research studies on artificial roughness using CFD techniques are less numerous. However, one can cite Lee [6], 
who studied numerically heat transfer and air flow above a horizontal surface provided with two-dimensional 
roughness using a CFD model. Chaube [7] performed a numerical analysis using Fluent6.1to analyze the effect of 
nine types of roughness on heat transfer and friction characteristics enhancement. The author reported that in the 
case of transverse ribs the results obtained from the two-dimensional model are concordant to the experimental 
results and requires less memory and computation time compared to three-dimensional models. Also, in the 
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transverse ribs, the best performance was obtained with rectangular ones in the range of the studied parameters. 
Others authors gave their conclusion after performing CFD analysis to study the effect of artificial roughness on 
heat transfer enhancement in solar air heaters [ 8,9]. 
As the air flows over the heated absorber, a viscous sublayer (laminar) appears in the vicinity of the absorber. 
This sublayer is resistant to the heat transfer between the absorber and the fluid (air). To break it, artificial roughness 
are provided on the absorber surface. The obstacles or rough elements, whatever their shape, are generating 
secondary flows or recirculations, which result in two separation zones on both sides of the obstacle. The generated 
vortices are responsible of the turbulence and thus increase the heat transfer and pressure losses. Secondary fluid 
circulation promote a better convective heat transfer. However, it is desirable that the turbulence takes place only in 
the near-wall region, that is to say within the laminar sub-layer, where the heat transfer takes place, to minimize 
friction losses, Bhatti [10]. This is achieved by keeping the height of the rough element relatively small in 
comparison to duct dimensions. For remind, the laminar sublayer thickness is given by [10]: 
 
            (1) 
 
for a smooth surface , we have, [4]: 
 
    (2) 
 
    (3) 
 
and we have  
  yu for the laminar sublayer, 5dy     (4) 
5.3ln5   yu  for the transition layer (buffer), 305 dd y    (5) 
5.5ln5.2   yu  for the turbulent layer, 30!y     (6) 
There are some basic dimensionless geometrical parameters that are used to characterize roughness [5] :  
x  Relative roughness pitch (p/e): it is defined as the ratio of distance between two consecutive ribs (p) and height 
of the rib(e).  
x Relative roughness height (e/D): Relative roughness height (e/D) is the ratio of rib height (e) to equivalent 
diameter of the air duct (D).  
x Angle of attack (Į): Angle of attack is inclination of rib with direction of air flow in duct.  
x  Aspect ratio: It is the ratio of duct width to duct height. This factor also plays a very crucial role in investigating 
thermo-hydraulic performance. 
 
 
t
t u
QG 5 
U
W wuu  
Q
U
W
¸
¹
·¨
©
§
 
wy
y
764   A. Boulemtafes-Boukadoum and A. Benzaoui /  Energy Procedia  50 ( 2014 )  761 – 772 
T
to d
by J
who
then
equ
stud
fact
new
surf
A
prod
liter
x T
x R
 
I
was
to o
obs
exc
alm
easy
cho
perf
1.1.
T
dete
num
The
The
A
pres
rate
by [
he turbulent 
evelop analyt
oule [11] to 
 made an att
 many exper
ipments, nucl
y of turbulen
or correlation
 efficiency pa
aces.  
rtificial roug
uced by vari
ature , can be
ransverse fix
oughness pro
n transverse r
 recorded for 
r slightly grea
erved that the
ept for the co
ost equal. Ho
  and may n
se the study 
ormance and 
 Thermo-hydr
o characteriz
rmined some
bers are : 
 Nusselt num
 Stanton num
rtificial roug
sure drop du
 increases wit
17]: 
flow induced
ical models to
enhance heat
empt to appro
imental inves
ear reactors, 
t air flow in t
s based on t
rameter for o
hness used in
ous arrangem
 divided into 
ed Roughnes
duced by a tr
ibs , the frict
ribs with rect
ter than the i
 penalty is ap
mbination of
wever, it wa
ot be econom
of the influe
are easy to pr
aulic perform
e the heat tra
 dimensiona
ber  Num
ber  St  
hness althou
e to friction. 
h the lowest 
Fig. 1 F
 by the presen
 predict the f
 transfer coef
ach the velo
tigations wer
and compact
ubes roughen
he wall law s
ptimizing the
 solar air he
ents and orie
two main cate
s (horizontal ,
aditional man
ion factor gro
angular secti
ncrease in the
proximately t
 chamfered g
s observed th
ically gainfu
nce of trans
ovide by fixa
ance of solar
nsfer between
l numbers th
O
Dhhm  
mCpu
hNu
U
 
Pr
Re
gh it allows 
Therefore, It 
possible press
low separation an
ce of obstacl
luid motion. O
ficients for st
city and temp
e carried out 
 heat exchan
ed with recta
imilarity and
rmohydraulic
aters are num
ntations. The
gories :  
 inclined , or 
ufacturing pr
wth is almos
on [7,15]. For
 Nusselt num
riple for the f
roove ribs, w
at the genera
l for large-sc
verse roughn
tion. 
 air heater pr
 the heated a
at provide r
 
 
an increase 
is usually ne
ure losses. Fo
d reattachmento
es is very co
ne of the fir
eam in-tube c
erature distri
on in the area
gers,...etc. W
ngular repeat
 heat-momen
 performance
erous, have 
 geometries o
V-shaped ) in
ocesses of ma
t twice the in
 the inclined 
ber , except f
riction factor 
here the frict
tion of artific
ale productio
ess of rectan
ovided by art
bsorber and th
equired infor
in heat trans
cessary to de
r that purpos
ver the rib 
mplex to stud
st studies on r
ondensation.
bution of the
s of cooling 
ebb and Ecke
ed ribs and d
tum transfer 
 of roughened
different geom
f various typ
 continuous  o
chining, form
crease in hea
V-shaped, the
or the arc sha
and the incre
ion factor an
ial roughness
n [16] . Base
gular section
ificial roughn
e flowing air
mation on th
 
 
fer also has 
termine the b
e we used the
 
y, that is why
ough surfaces
we can also c
 flow on a ro
of gas turbine
rt [13] condu
educed heat tr
analogy. Lew
 surfaces with
etries , shap
es of roughn
r discrete dis
ing, casting, 
t transfer. Th
 friction facto
ped . For rou
ase in Nusselt
d heat transfe
 on the absor
d on this lite
s  because t
ess 
 in the solar a
e heat trans
 
 
the undesirab
est combinati
 factor frictio
 it is very dif
 was first pro
ite Nikuradse
ugh surface.
 blades, elec
cted experim
ansfer and fr
is [14] intro
 respect to sm
es, sizes , an
ess reported 
tribution  .  
or welding  
e best perform
r increase is 
gh machined
 number is do
r enhanceme
ber surface, 
rature review
hey have the
ir heater duc
fer quality. 
 (7)
 (8)
le consequen
on of heat tra
n expression 
ficult 
vided 
 [12] 
Since 
tronic 
ental 
iction 
duced 
ooth 
d are 
in the 
ance 
equal 
 , it is 
uble, 
nt are 
is not 
 , we 
 best 
t , we 
These 
ce of 
nsfer 
given 
 A. Boulemtafes-Boukadoum and A. Benzaoui /  Energy Procedia  50 ( 2014 )  761 – 772 765
 
 
 
in
by c
of a 
 
 
 
 
 
2. So
T
solar
prov
T
same
H
appl
At t
On t
On t
Oule
T
have
boun
f
E
 
 order to ana
onsidering the
solar air heate
 
lution doma
o study the h
 air heater Ty
ided by rectan
he first part o
 dimensions 
=40 mm, asp
ied to the dom
he inlet :T0=
he top plate: u
he bottom pla
t : P= Patm 
he second con
 chosen an ai
dary conditio
Lu
PDr
m
h
22/1 U
' 
3/1
¹¸
·
©¨
§
¹¸
·
©¨
§
 
l
l
t
fr
fr
Nu
Nu
  
lyze overall p
rmal and hyd
r is given by 
  
in 
eat transfer e
pe I. The top
gular ribs. A
f the simulat
that the one st
ect ratio=7.5
ain solution 
 
293K, u0=0.
=o,v=o, q=0 
te: u=o, v=o, 
figuration (2
r duct with th
ns are: 
 
erformance o
raulic charac
the following
 
nhancement 
 surface is th
ir is flowing b
ion aims to v
udied experim
, rectangular
: 
6 to 3.4 
(adiabatic) 
q= 4 kW/m2 
) is an attemp
e following 
 
f a solar air h
teristics of the
 expression in
 
we choose a 
e glazing and 
etween the tw
alidate our nu
entally by K
 ribs, e=3.4 m
m/s, v0=0, I0
t to approach
geometric par
Fig.2 Geome
eater, thermo
 collector sim
troduced by K
rectangular s
the bottom o
o surfaces in
merical mod
arwa [15] and
m, w= 5.8 
 
 
 
=5% 
 the solar air 
ameters: asp
tric configuratio
 
-hydraulic pe
ultaneously. 
umar [8]: 
 
ection channe
ne is the heat
 forced conve
el, so we cho
 numerically
mm , p= 34 
heater with o
ect ratio (W/H
n 
 
rformance sh
Thermo-hydr
 
l representing
ed absorber [2
ction, Fig.(2)
se a configur
by Tanda [18
mm. The bo
 
ptimal operat
)=7, P/e = 1
 (9)
ould be evalu
aulic perform
 (10)
 the air duct
] . This surfa
. 
ation (1) wit
]:  
undary condi
ing condition
0, e/D= 0.05
ated 
ance 
 
 of a 
ce is 
h the 
tions 
s.We 
. The 
766   A. Boulemtafes-Boukadoum and A. Benzaoui /  Energy Procedia  50 ( 2014 )  761 – 772 
Inlet: T=T0= 298 K, u0=0.5 to 4 m/s, v0=0, I0=5% 
On the top plate: u=o,v=o, q=0 (adiabatic) 
On the bottom plate : u=o, v=o, q= 600 W/m2 
Outlet : P= Patm 
3. Mathematical modelling 
Considering the air flow in the channel with heat transfer, the mathematical model applied is composed of the 
conservation equations of mass, momentum and energy for incompressible flow in two dimensions with the 
following assumptions: 
x  The flow is two-dimensional, turbulent and stationary.  
x The thermophysical properties of the air are supposed to be constant.  
x The thermal conductivity of the walls and ribs is supposed to be constant. 
            (11) 
 
            (12) 
 
            (13) 
 
With  
xi , cartesian coordinates (xi { x, y), 
ui, velocity component in xi direction,  
P  dynamic viscosity coefficient.  
Since the flow is turbulent, we used Reynolds decomposition to write:  
uuu c            (14) 
 
where u is the mean velocity and uc the fluctuation.  
In what follows , u is simply expressed by u  
substituting (14) in (11,12,13), we obtained in tonsorial notations: 
 
            (15) 
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5. Results and discussions 
Configuration1 
We solved continuity, momentum and energy equations in turbulent mode using four closure models (two-
equations models): 
x k-İ  RNG (Renormalization GroupTheory) 
x k-İ  RZ (Realizable) 
x k-Ȧ Standard 
x k-Ȧ SST 
For each turbulence model, Reynolds number varied from 3000 to 15000. The same simulation, have been 
conducted for a smooth duct of same dimensions as roughened one, in order to compare the results and thus 
highlight the heat transfer enhancement due to artificial roughness. 
Stanton number is one of the most important parameters in heat transfer, so we calculated it for different 
Reynolds numbers. The results obtained using the four turbulent closure models have been compared with Dittus–
Boelter empirical correlation for smooth duct given below [17]: 
 
4.08.0 PrRe023.0 Nul          (14) 
 
The curve representing the ratio between the Stanton number (St) for the rough duct and smooth one (Stl), versus 
Reynolds number, is represented in Fig. 4a for different turbulence models used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a)(St/Stl) versus Re, predicted by the four turbulence models, (b) Friction  
factor ratio(fr/frl ) evolution according to Re (SST k- Ȧ) 
 
We noticed that the ratio (St/Stl) increases with the Reynolds number, whatever the turbulence model used. The 
increase in roughned duct Stanton number is 1.3 to 1.8 times, higher than smooth duct, reaching a peak for Re = 
10000. Furthermore this comparison, it is clear that the SST k-Ȧ model gives the best results because its values are 
close to Karwa's [15] experimental results. Therefore, we will use exclusively this model in further simulations. 
To verify that the improved heat transfer induced by artificial roughness is not followed by too much friction 
loss, we calculated the rough duct friction factor (fr) and smooth duct one (frl), for different values of Reynolds 
number. The latter is calculated by the relation of Blasius, [17]: 
 
            (15) 
 
The ratio (fr/frl) evolution according to Re is shown in Fig. 4b. We observed that our curve shape is similar to 
Karwa's one [15]. Friction factor values although they are increased by the presence of roughness remain within an 
acceptable range. 
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The Figure 7a represents the Nusselt number mean evolution according  Reynolds number for rectangular ribs. 
We observed that Nu increases in an almost linear way with Re. This result was foreseeable because at low 
Reynolds numbers (laminar flow), Nusselt number for all surface types is barely constant, because of the resistance  
of the viscous sub-layer to heat transfer. The use of artificial roughness has for effect to break this resistance, and 
thus increase the heat transfer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7:(a) Nusselt number Vs Re; (b)Heat transfer coefficient vs Re 
One can note that the heat transfer coefficient (hc) evolution’s curve has the same shape as that of Nusselt 
number (Fig. 7b). Indeed, this one increases regularly with the Reynolds number. However, a high value of Num or 
hc coefficient doesn’t guarantee a good thermal efficiency. Because when the Reynolds number increases, the 
generated vortex causes also losses of pressure.  
For this reason it is significant to estimate the friction factor for the surfaces provided with roughness. This 
parameter variation has been plotted in Figure 8a. As found in the literature, the friction factor [4] decreases with the 
increase in the Reynolds number. We can also observe that the values of the factor of friction remain moderate in all 
the range of Reynolds numbers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 (a). Effect of Reynolds number on friction factor, (b) Effect of Reynolds Number 
on global thermohydraulic performance parameter 
5000 1000015000200002500030000350004000045000
0,00
0,01
0,02
0,03
0,04
0,05
Re
fr
5000 10000 15000 20000 25000 30000 35000 40000
0,0
0,5
1,0
1,5
2,0
2,5
3,0
Re
Et
5000 10000150002000025000300003500040000
20
40
60
80
100
120
140
160
Re
Nu
moy
 
5000 10000 15000 20000 25000 30000 35000 40000
0
5
10
15
20
25
Re
hcmoy(a) (b) 
(a) (b)
 A. Boulemtafes-Boukadoum and A. Benzaoui /  Energy Procedia  50 ( 2014 )  761 – 772 771
 
On Figure8b, we plotted the curve of the global thermohydraulic performance parameter ET, introduced by  
Kumar [8]. A good parameter of performance (ET> 1) is recorded in all the range of Reynolds numbers. Moreover, 
ET  increases appreciably with the increase in the Reynolds number. 
 
The outlet temperature Ts is another significant parameter in solar air heaters because it  determines its use (space 
heating, greenhouse heating or solar drying). We plotted the Ts curve according to Reynolds number on Figure 9. 
We can note that this one decreases when the speed of the fluid increases. This is a direct consequence of the 
increase in the factor of friction which decrease the effective heat transfer rate of the wall heated towards the fluid 
and thus contributes to lower its average temperature at exit. 
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Fig. 9. Outlet temperature Ts versus Reynolds Number 
 
Conclusion 
In this paper, we have presented the results obtained by numerical analysis of flow and heat transfer in the air 
duct of a solar air collector, whose absorber is provided with artificial rectangular ribs. The analysis is based on 
CFD techniques and was performed using numerical software. This numerical analysis allowed us to found out the 
effect of absorber roughness on the air flow and heat transfer enhancement in solar air heaters. 
The first part of the analysis aims to validate the numerical model by comparing our results to Karwa's 
experimental results [15]. We have compared between four turbulence closure models and from the results, it is 
clear that the k-w SST gives the best results. 
The second part is an approach to the solar air heater in real operating conditions. This analysis allowed us to 
visualize the separation and reattachment zones. We also distinguished the over-speed area, where the velocity fluid 
reaches over 150% its initial velocity.  
We have also plotted Nusselt number, hc and Ts evolution with Reynolds number. The global thermohydraulic 
performance parameter ET is a good indicator of the effect of artificial ribs in the heat transfer enhancement in solar 
air heaters. The curve representing its evolution with Reynolds number shows good performance for rectangular ribs 
used. 
Moreover, the geometric shape of roughness studied gave rise to friction factors and therefore not penalizing the 
thermal-hydraulic performance. So, we recommend the use this type of roughness to improve the thermal 
performance of solar air collectors. 
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